Mechanism of Psoralen Photosensitization and In Vivo Biological Action Spectrum of 8-Methoxypsoralen11From the Research Laboratories of the Department of Dermatology of the Harvard Medical School at the Massachusetts General Hospital, Boston 14, Massachusetts.This work was supported by Grant #CY 5003 (C-1) from the National Institutes of Health, United States Public Health Service. The mono-chromator used was purchased with funds generously donated by Dr. and Mrs. John Alden of San Francisco.Presented at the Twenty-second Annual Meeting of The Society for Investigative Dermatology, Inc., New York, N. Y., June 29, 1961.  by Pathak, M.A.
MECHANISM OF PSORALEN PHOTOSENSITIZATION AND
IN VIVO BIOLOGICAL ACTION SPECTRUM OF
8METHOXYPSORALEN*
M. A. PATHAK, PH.D.
Several studies have shown that human skin is
sensitized to longwave, ultraviolet light after
topical or oral administration of psoralen, 8-
mcthoxypsoralen and other related furocou-
marins (1—4). The biological response to light of
skin thus photosensitized may range from mild
erythcma followed by increased pigmentation to
severe edema, vesication or even complete des-
qnamntion of the skin, the degree of response
depending upon the light-dose and the amount of
drug administered.
Published studies of photosensitization in-
duced by psoralen are for the most part concerned
with the clinical effects of the psoralens (5) and
with the histological changes which follow irradia-
tion of the skin nfter administration of psoralen
compounds (6). Becker (6) describes alterations
of the stratum corneum, changes in the structure
of the stratum lucidum and an increase in melanin
pigmentation in S-mcthoxypsoralen-treated sub-
jects following irradiation with ultraviolet.
The intracellular cutaneous changes and other
biological alterations which result from psoralen
photosensitization either in vivo or in vitro appear
to be directly related to biochemical and bio-
physical changes at the molecular level. The func-
tion of the photosensitizing (psoralen) molecules
must therefore be to absorb the quanta of light
of a specific wavelength and to dissipate this ab-
sorbed energy into biological systems in such a
way as to induce biochemical alterations. Pathak
and Fellman (7) have recently shown that several
furocoumarins which arc biologically active i.e.,
capable of inducing an erythemal response in
human skin, have activation (excitation) peaks
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in the range between 340 and 380 mi and peaks
of fluorescence-emission between 420 and 460 mi.
Their data also suggest that the action spectra
of these photoscnsitizing compounds lie between
340 and 380 mp. These authors report (8) that,
in vitro, psoralcn inactivated crystalline lactic
dehydrogenase upon irradiation. This inhibition
of enzyme activity was shown to be evoked by
wavelengths of 240, 290, 320 and 360 mu. This
spectrum corresponds closely with the absorption
spectrum of psoralen. Buck et at. (9) have also re-
ported that when 8-mcthoxypsoralen (8-MOP) is
applied topically to the skin or given orally, the
spectral reactivity of this compound lies between
320 and 380 mu (peak activity at 360 mu).
The investigation to be reported here is con-
cerned with the nature of absorption and emis-
sion of energy in relation to the biological photo-
sensitization induced by furocoumarins and the
correlation of these processes with the biological
action spectrum of 5-methoxypsoralen (8-MOP).
MATERIALS AND METHODS
Determination of the Wavelengths of Activation,
Fluorescence and Phosphorescence
The wavelengtbs of activation and fluorescence
of furocoumarins in ethanol solution (usually
about 10 g/ml) were determined with an Aminco
spectrophotofluorometer. Fluorescent emissions
are here defined as those which involve no change
in multiplicity; phosphorescent emissions are
those which involve transitions between elec-
tronic states of dissimilar multiplicity (11).
The wavelengths of activation and phosphores-
cence in furocoumarins in a mixture of glycerol
and water (1:1 by volume) or a mixture of ethyl
ether, isopentane and ethyl alcohol (5:5:2 by
volume) (so-called "EPA solvent") were measured
on an Aminco spectrophotophosphorometer.
Stock solutions of the various furocoumarins
(approximately 1.5—2.5 mg/b ml) were prepared
in advance and suitably diluted for each experi-
ment to a concentration of about 15—30 pg/ml.
Before use, each sample was cooled to the tempera-
ture of liquid nitrogen (77° K).
The phosphorescence wavelength of each furo-
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coumarin was obtained by plotting intensity of
phosphorescent emission as a function of wave-
length of emission. The necessary data were ob-
tained by setting the "excitation monochroma-
tor" at the wavelength of maximum excitation of
a sample and allowing the "emission mono-
chromator" to sweep over the entire range from
200 to 800 mjt.
Quenching (Sup pression) of Phosphorescence
The effect of various compounds which are
known to interfere with photoactivation and
hence quench phosphorescence was investigated
(Table 2). The intensity of the phosphorescence
emitted by psoralen with and without quenehers
(Table 2) was determined as follows with a spec-
trophotofluorometer. In glycerol and water (1:1),
0.02 ml of the saturated solntion of psoralen were
diluted with the glycerol/water solvent to a total
volume of 2 ml. Samples of this diluted prepara-
tion in quartz tubes were cooled to 77° K and
irradiated with ultraviolet light (X 360 mJL) for
exactly 5 seconds, the exciting light being cut off
at the end of exposure by means of a shutter. The
intensity of phosphorescent light emitted by the
psoralen was then measured on the photomulti-
plier microphotometer (RCA 1 P 21 Photo Tube
with S-4 response). The intensity (highest im-
mediate deflection of the photomultiplier) of the
emitted phosphorescent light was measured at
least four times after the gratings had been set at
the wavelengths of maximum emission (X 465 mz).
The same procedure was then repeated after a
known amount of qnencher had been added to the
solution (Table 2).
Electron Spin-Resonance Spectroscopy
An x-band electron paramagnetic resonance
spectrometer was used for detection of the free
radicals (unpaired electrons) generated in in vitro
systems containing S-MOP after ultraviolet
irradiation (X > 320 mM). The details of this
procedure have already been described elsewhere
(10).
Source of Ultraviolet Light
The source of radiant energy used for this
investigation of the biological action spectrum of
S-MOP was a monochromator powered by a
German, Osram, 1,600 watt, air-cooled, xenon arc
lamp. A narrow band of high-intensity mono-
chromatic light was obtained by using an f/0.2
reflector to direct the light from the arc lamp onto
two 5 x 5 inch gratings with 30,000 lines per inch.
The light was focussed on the exit aperture by a
hemiparaboloid mirror 12 inches in diameter. At
the site of irradiation, at the 6 mm slit, the light
band at the various wavelengths was approxi-
mately 75-100 A wide.
The energy-ontput of the monochromator was
measured in absolute units (watts/em2) and con-
verted to ergs/cm2 sec' by a calibrated ther-
mocouple placed at the 6 mm slit. The amount of
energy delivered by different wavelengths is
shown in Figs. 2, 3, 4, 5 and Table 3.
The Biological Action Spectrum of
8-Methoxypsoralen (8-MOP)
Investigations of the range of the biological
action spectrum of S-MOP were carried ont on
albino guinea pigs and fair-skinned human adults.
Albino Guinea-Pigs. Three albino guinea-pigs
weighing approximately 700 g each were clipped
and depilated under ether anesthesia with melted
(approximately 45° C) beeswax. Forty-eight hours
after depilation, the minimum erythemal dose of
ultraviolet irradiation at wavelengths of 297
and 360 mp was determined for each animal. Sub-
sequently, two rows of squares were marked with
ink on the back of each guinea pig, each row con-
taining 10 squares 1.2 )< 1.5 cm in size. The left-
hand row (the control area) was irradiated before
S-MOP was administered; the right-hand row
(the S-MOP area) was irradiated 2 hours after the
animal had received 10 mg of crystalline S-MOP
by mouth in a gelatine capsule. Corresponding
squares in both rows were identically irradiated:
that is, each pair of squares (control square and
S-MOP square) was exposed to the same wave-
length for the same length of time. Each animal
was irradiated under monochromatic ultraviolet
light ranging from 240—400 mM, exposures being
made at intervals of 20 m. Each wavelength was
delivered to an area which measured 6 mm in
diameter within the appointed square. The total
energy delivered to each animal at different wave-
lengths is shown in Table 3. After an interval
of 24 hours, the erythemal response in the control
area and in the corresponding S-MOP area were
compared and graded on a six-point scale.
0 = no erythema
just percep-
tible cry-
thema
+ = definite cry-
thema of
low inten-
sity (pink
color)
Fair-Skinned Human Subjects. The skin of the
forearm of three fair-skinned human volunteers
was similarly marked in paired squares (control
+ + = red erythema
+++ = deep red cry-
thema
++++ = intense ery-
thema ac-
companied
by edema
and vesi-
cation
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TABLE 1
Wavelengths of the major peaks of excitation and emission of fluorescence and phosphorescence
in eleven furocoumarins
Compound
Wavelength (mn)
Fluorescence* Phosphorescence
Excitation Emission Excitation Emission
Psoralen
8-Methoxypsoralen
5-Methoxypsoralen
4-5'-8-Trimethylpsoralen
5'-S-Dimethylpsoralen
4,4'-Dimethylpsoralen
4,5'-Dimethyl-4',5'-dihydroisopsoralen
5-Bromo-8-methoxypsoralen
4',5'-Dihydro-5-ethyl-earbamyl-8-methoxypsoralen
5',8-Dimethyl-3,4-tetrahydrobenxene
8-Bromo-4',S-dimethylpsoralen
360
360
350
370
375
360
355
365
365
360
370
440
460
460
440
440
435
395
525
495
430
430
360
355
350
350
360
350
340
3M
365
350
350
470 495
455 490
475 510
464 490
460 490
490 525
468 504
495 525
525
464 496
458 492
* As studied on the spectrophotofluorometer at 24° C.
t As studied on the speetrophotophosphorometer at 77° K.
and 8-MOP areas) and irradiated with ultraviolet
in the range between 240 and 400 me at intervals
of 20 mp. The erythemal response before and
after ingestion of 8-MOP was graded on the scale
used for grading the response of guinea pigs.
Initially, a minimal erythemal dose (MED) at
300 mM and 360 me was determined for each sub-
ject. Ultraviolet energy approximately equal
to the MED at 300 mp was given at Wavelengths
between 240 and 320 mp; likewise, the MED of
360 mp was given between 340 and 400 mp. These
data concerning the duration of irradiation and
the amount of energy delivered to each irradiated
area (6 mm in diameter) are shown in Figs. 3, 4
and 5.
The absorption spectrum of 8-MOP (approxi-
mately 10 M) was obtained on a recording,
double-beam spectrophotometer (Bausch & Lomb
Spectronic 505).
RESULTS
The wavelengths of the major excitation and
emission peaks of fluorescence and phosphores-
cence in eleven furocoumarins arc shown in Table
1. All of the compounds listed had peaks of low-
intensity excitation and emission which are not
included in the Table. The data presented show
that furoeoumarins emit both fluorescence and
phosphorescence and that the wavelength of
phosphorescence emission is longer than that of
fluorescence. This shift of emission toward longer
wavelengths is interpreted as evidence that there
is in the molecule an electronic transition distinct
from that responsible for the ultraviolet fluores-
cence. The long-lived phosphorescent glow that is
visible after withdrawal of the exciting light in-
dicates that upon photoactivation furocoumarin
molecules undergo electronic transition to a meta-
stable state known as the triplet state. Fluores-
cent emission was found to be very short-lived
(10° to 10 second) and could not be detected
when the exciting light was withdrawn from the
sample. The phosphorescent emission, on the con-
trary, was visible for 14—25 seconds after with-
drawal of the exciting light. Our attempts to de-
tect the phosphorescent emission of several
furocoumarins at room temperature were not suc-
cessful.
The effect of various quenchers (molecular
oxygen, several quinones, the disodium salt of
ethylenediaminetetrahcetic acid (EDTA), po-
tassium iodide, ferrous sulfate, sodium sulfite,
glutathione, cysteine, thiourea, mercaptoacetic
acid, ferric chloride, ascorbic acid, methionine)
was determined in order to learn whether these
molecules interfere with the photoactivation of
psoralen and its transition to the triplet state.
As is shown in Table 2, the phosphorescent emis-
sion of psoralen was found to be significantly
inhibited by molecular oxygen, 2-methyl-i ,4-
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TABLE 2
Effect of various quenchers on the intensity of
phosphorescence emitted by psoralen after
irradiation with ultraviolet of
wavelengths of 360 nij.
Intensity of Phos-
phorescence
Compound I0 iConcentration
at 470 mis
Transmission scale
(%)
Without
quencher
With
quencher
Evacuated sample 50
02 (99.8%) 27
02 (air) 36
2-Methyl-1,4-naph- 10 108 42
thoquinone
1,4-Benzoquinone 10 98 44
1 - aminoanthraquin- 10 105 100
one
1 - chioroanthraquin- 10 102 100
one
Ethylenediaminetet - 10 29 21
rahcetate 10 87 72
KI 10 90 78
FeSO4 2X103 89 83
Na2SO4 10 87 87
Glutathione 10 98 95
Cysteine 10 87 85
Thiourea 102 87 81
Mercaptoacetic acid 102 87 88
FeC13 10 102 100
Ascorbic acid 10
2X102
87
87
86
89
Methionine 10 86 87
naphthoquinone, 1 ,4-benzoquinone, 1-amino-
anthraquinone, EDTA, potassium iodide and
ferrous sulfate.
The typical electron spin-resonance signals ob-
tained after ultraviolet irradiation (X > 320 mis)
of two different solutions of 8-MOP are shown in
Fig. 1. These signals, which indicate the forma-
tion of free radicals (unpaired electrons), were
detected only when 8-MOP and ultraviolet radia-
tion were both present in the solvent; in the ab-
sence of either 8-MOP or ultraviolet, no such
signals were observed. These free-radical signals
have been described in detail elsewhere (10).
They are mentioned here merely as evidence
that furocoumarins such as 8-MOP do generate
free radicals in the presence of ultraviolet radia-
tion of wavelengths greater than 320 m.
In Vivo Biological Action Spectrum of
8-Methoxypsoralen (8-MOP)
In Guinea-Pigs. The absorption spectrum and
the biological action spectrum in guinea-pig skin
after the ingestion of 8-methoxypsoralen are
shown in Fig. 2. The effectiveness of various
wavelengths of ultraviolet in inducing an cry-
themal response in the skin of albino guinea-pigs
before and after oral administration of 8-
methoxypsoralen is shown in Table 3. The cry-
themal response in the control and 8-MOP areas
is almost identical at wavelengths between 240
and 320 mji. The maximal erythemal response in
the 8-MOP area was evoked by wavelengths of
360 mgi. No erythema developed in control areas
after irradiation for 5, 7.5, 10 and 15 seconds, but
in 8-MOP areas the same amount of radiation in-
duced erythemal response of Grades 2 + to 4+.
When the responses of the control areas and the
8-MOP areas to irradiation with wavelengths of
320, 340 and 380 ms were compared, it was ob-
vious that these wavelengths did not induce
erythema as effectively as wavelengths of 360
mis.
In Fair-Skinned Human Subjects. The in vivo
erythemal response of human skin to irradiation
with light of different wavelengths before and
after oral adminstration of 8-MOP is shown
in Figs. 3, 4 and 5. In general, the erythemal
response to wavelengths between 240 and 320
mis was the same in control and 8-MOP areas.
Wavelengths of 240 and 260 mis evoked no
response in either control or 8-MOP areas.
Wavelengths of 300 mt induced a more
marked erythemal response in the 8-MOP than
in the control areas of one subject and in another
subject the responses of the two areas to 300 mis
were identical. The wavelength which induced
the highest erythemal response after ingestion of
8-MOP was 360 mit.
Exposure of the skin to ultraviolet of 360 mis
for varying lengths of time evoked erythemal re-
sponse of varying degrees of intensity (Fig. 5).
After irradiation for 5 and 10 minutes, there was
no erythema in the control areas and after ir-
radiation for 15 minutes, only a weak erythemal
response (Grade In the 8-MOP areas of the
same individual, however, the erythema evoked
by 5, 7.5, 10 and 15 minutes of irradiation to 360
mis was Grade 1+, 2+, 2 + and 3 + respectively.
The response to irradiation with 340 and 380
m.t for varying lengths of time in this subject
IRRADIATION OF 8-METHOXYPSORALEN (8-MOP) WITH
ULTRAVIOLET LIGHT (X365mp) FOR 30-45 MINUTES
IRRADIATED SYSTEM E.S.R. SIGNAL
8-MOP IN ABSOLUTE ALCOHOL
55 gauss
after irradiation of solutions containing
TABLE 3
Grade of erythemal response in three guinea-pigs following irradiation with ultraviolet of wave-
lengths between 40 and 400 m/1 for 5, 10 and 15 seconds before and after ingestion
of 10 mg of 8-MOP
Ultraviolet
Wavelength,
ms
Ergs/0.283
cm2seC'
(X 106)
Area
Irradiated
Grade of Erythemal Response
Guinea-pig 51
Seconds of irradiation
Guinea-pig 52
Seconds of irradiation
Guinea-pig 3
Seconds of irradiation
5 10 15 5 10 15 5 10 15
240 297 Control
8-MOP
+++
+++
++
++
+++
+++
260 3.11 Control
8-MOP
++
++
+
++
+
++
280 4.81 Control
8-MOP
+
+
+
+
+
+
300 6.73 Control
8-MOP
-j---
++
----1-
+++
--j----j-
++++
----
++
++
++
+++
++++
320 3.79 Control
8-MOP
-j-+
+++
++
+++
+++
+++
++
++
+++
+++
++
++
340 3.67 Control
8-MOP
0 0
+
0
+
0 0
0
0
0 0
+
+
+
+
360 2.5 Control
8-MOP
0
+++
0
+++
0
++++
0
+
0
++
0
++++
0
++
0
++++
0
++++
380 3.11 Control
8-MOP
0
0
0
0
0
+
0
0
0
0
0
0
0
0
0
0
0
--+
400 3.25 Control
8-MOP
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
55 gauss
8-MOP IN C2H5OH + H2O A
55 gauss
8-MOP IN BENZENE
FIG. 1. Electron spin-resonance (ESR) signals observed
8-methoxypsoralen with ultraviolet light for 30—45 minutes.
THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
ENERGY- Ergs/O.283 Cm2 (x106)
'2
p,'/ '
7
402
'- 44+
Ill
o_ -l)
I—
m/
FIG. 2. Absorption spectrum and 'in vivo biological action spectrum of 8-methoxypsoralen. (Subject:
guinea pig; dose: 8-methoxypsoralen, 10 mg orally.)
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FIG. 3. In vivo action spectrum of 8-methoxypsoralen showing the effectiveness of ultraviolet of
different wavelengths in inducing the erythemal response in the skin of a human subject after ingestion
of 30 mg of 8-MOP.
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FIG. 4. In vivo action spectrum of 8-MOP showing the effectiveness of ultraviolet of different wave-
lengths in inducing the erythemal response in the skin of a human subject after ingestion of 30 mg of
8-MOP.
was slightly more intense in the 8-MOP areas
than in the control areas. These experiments
demonstrate that the in vivo biological action
spectrum of 8-MOP in the skin of guinea-pigs and
fair-skinned humans can be said to range from
340 to 380 m with maximal effectiveness at 360
m.
DIscussIoN
The phenomenon of photosensitization in bio-
logical systems is brought about by the energy
associated with light absorbed by the photoac-
tive molecule. As in all photochemical reactions,
the first step in the process is the capture of a
quantum of radiant energy by some atom or
molecule of the system involved. Absorption of
light by a molecule converts radiant energy into
the energy of internal motion within the molecule
and may produce kinetic changes in the molecule
as a whole (e.g., vibration of the atomic nuclei
known as stretching or bending of the bonds) and
alteration of the motion of electrons. By ab-
sorbing a photon, a molecule is raised from the
ground state (singlet state) to a higher electronic
state with a resultant rise in the energy level of
liv IRRADIATION
Fio. 5. The effectiveness of 360 mj ultraviolet(action spectrum) in evoking the erythemal
response in the skin of a fair-skinned human
subject after ingestion of 30 mg of 8-MOP.
valence electrons; in other words, the molecule
becomes "activated" or "excited." The duration
of this activated state is very short (about 10 to
10 second). What happens after activation de-
ENERGY — Ergs / 0.283 Cm2
I'-
¼ ¼'0
0,
(0
C'1
¼ ¼ ¼ ¼
C"
.—. Before 8-MOP
o-—-o After oral 8-MOP
¼0
*
0
+
AI'/ 0'//
240 260 280 300 320 340 360 380 400
404 THE JOIJENAL OF INVESTIGATIVE DEEMATOLOGY
Fm. 6. Line diagram of energy absorption by a complex molecule like psoralen. 1) Physical inter-
action, Compton effect, Raman effect, atomic or molecular vibrations or rotatioas. 2) Degradation to
heat. 3) Activation of molecules to the singlet excited state which can also initiate photochemical re-
actions. 4) Fluorescence—energy emitted during transition from the excited singlet state to the ground
state immediately (10—8 second) after irradiation. 5) Dissociation, rearrangement or formation of two
product molecules. 6) Transition of activated molecules to a metastable triplet state which is accompa-
nied by phosphorescence. 7) Ionization—ejection of electron.
pends not only on the nature of the molecule that
captured the photie energy, but also upon the
nature of the environment and the probability
of collision with other molecules. The possible
events are diagrammatically shown in Fig 6.
In the experiments reported here, it has been
shown that alter exposure to ultraviolet light of
wavelengths greater than 320 m, the lurocou-
marins emit fluorescence and also undergo transi-
tion to a metastable state the existence of which
is evidenced by the emission of phosphorescence.
Transition to this metastable state is accom-
panied by emission of wavelengths longer than
those of fluorescence. The phosphorescent emis-
sion ii this study was observed after withdrawal
of the exciting light and was found to be of long
duration. Paramagnetic species such as oxygen
are known to quench the triplet state of mole-
cules. The quenching of the phosphorescence of
psoralcn by oxygen, quinones, EDTA, potassium
iodide, etc. also suggests the transition of psoralen
to a metastable triplet state. The work of
McClure (12) and Kasha (11, 13) and studies
subsequently published by other investigators
(14) leave little doubt that in most instances
the emission of phosphorescence results from a
transition which involves a change in multi-
plicity, usually between the singlet and the
triplet state. Fluorescence is the radiation
emitted during transition from the lowest
excited singlet state to the ground state, and
phosphorescence is the radiation emitted during
transition from the lowest excited triplet state to
the ground state of a complex molecule (14). A
molecule in the triplet state is said to be very
reactive because it has two unpaired electrons
aligned with parallel spins. The singlet state is
known to be too short-lived to permit utilization
of the energy absorbed. The triplet state, on the
contrary, is long-lived, and the probability that
HIGHER
EXCITED FIRST
STATE EXCITED (SINGLET STATE)
STATE
I
¼
C
by fluorescence
ME TA STA B LE
TRIPLET
STATE
phosphorescence
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molecules in this state will evoke biological
reactions by colliding with other molecules in
their vicinity seems to be relatively great. At
room temperature, phosphorescence is not
visible in vitro because radiationless deactivation
processes interfere with the processes of radiation
and only a few molecules remain in the excited
state long enough to emit light. Molecules in
the triplet state are deactivated by collision and
thermal agitation so rapidly that at room tem-
perature the emission of visible phosphorescence
cannot be seen. By suspending the molecules in
a vehicle which forms a rigid glass at the tem-
perature of liquid nitrogen (77° K), it is possible
to reduce the deactivation which occurs at room
temperature and the long-lived phosphorescence
emitted by several excited molecules can be
seen. It has previously been shown (10) that in
many solvents containing psoralen or other
furocoumarins, the ultraviolet radiation which
produces phosphorescence seems also to be
capable of producing free radicals. It is evident,
then, that excitation of 8-methoxypsoralen to
the triplet state may lead to the formation of a
substantial number of free radicals in certain
solvent systems.
In photosensitization reactions which generally
involve biological oxidation of organic molecules,
the transference of electrons seems to take place
during an intermediate state of free-radical
formation. The data presented here suggest that
the reactive species in the biological photosensi-
tization induced by psoralen or 8-methoxy-
psoralen is the molecule in its triplet state.
Excitation of psoralen molecules to the triplet
state possibly leads to the formation of free
radicals which eventually evoke biological
changes in the irradiated systems.
In vivo studies of the biological action spectrum
in the skin of guinea-pigs and fair-skinned
human subjects also suggest that the triplet
state participates in photosensitization. The
absorption spectrum of 8-methoxypsoralen has
no characteristic peak in the region of 360 my,
although the molecule shows some absorption h
this region (Fig. 2). The wavelengths which
activate 8-methoxypsoralen to emit major peaks
of fluorescence and phosphorescence in vitro were
found to be in the region of 355—360 my. Wave-
lengths in the same region induced an erythcmal
response in vivo in both human and guinea-pig
skin only after the ingestion of 8-methoxy-
psoralen. It appears, then, that the lowest triplet
level of 8-mcthoxypsoralcn would be in the region
of the lowest excited state of the molecule. The
lowest excited state of 8-MOP, as shown in the
absorption spectrum (Fig. 2), seems to be in
the region around 360 my. According to Reid
(14), the lowest triplet state is usually responsible
for the emission of phosphorescence. The data
just reported suggest, therefore, that the triplet
state of 8-mcthoxypsoralcn participates in the
induction of biological photosensitization. The
in vivo action spectrum of 8-methoxypsoralen
(Figs. 2—5) corresponds very closely to the
action spectrum reported by Buck et al. (9). The
data shown in Figs. 2—5 and Table 3 indicate
that the wavelengths which most effectively
evoke the crythemal response are in the range
between 340 and 380 my (peak of effectiveness
at 360 my).
According to these data, if represents
the ground state of the psoralcn or 8-mcth-
oxypsoralen molecule, and 1* and *** res-
pectively represent the singlet and triplet states,
the photosensitization evoked by psoralen could
be said to proceed as follows:
+ hv —
*** induces the formation of free radicals
Free radicals induce biological photosensi-
tization
Several biological oxidations and reductions are
now believed to involve the unpairing of paired
electrons in one molecule and the re-pairing of
free radicals thus produced with the electrons of
other molecules or by an electron transfer step.
The observations reported here indicate that
such a mechanism most probably does play a part
in the production of photosensitization and
photodynamic reactions.
SUMMARY
The excitation fluorescence and phosphores-
cence wavelengths in eleven furocoumarins are
reported. The activating or exciting wavelengths
for fluorescence and phosphorescence of furo-
coumarins were in the region of 350—365 my.
The wavelengths emitted during phosphorescence
were longer than those emitted during fluores-
cence. The long-lived phosphorescence and its
quenching by molecular oxygen, several quinones,
EDTA, potassium iodide and ferrous sulfate
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indicate that psoralen and other furocoumarins,
besides exhibiting fluorescence, undergo electronic
transition from the singlet excited state to the
metastable triplet state.
Solutions of 8-methoxypsoralen in various
solvents were irradiated with ultraviolet light
(> 320 mM) at the temperature of liquid oxygen
and examined with an electron-resonance
spectrometer for free-radical formation. It
appears that furocoumarins such as 8-MOP
generate free radicals in solvents in the presence
of ultraviolet radiation.
The in vivo biological action spectrum of
8-methoxypsoralen in the skin of guinea-pigs
and fair-skinned humans was investigated. The
data indicate that the action spectrum of 8-MOP
lies in the region of 340—380 m with maximal
effectiveness at 360 mp.
It is proposed that the mechanism of biological
photosensitization evoked by psoralen involves
excitation of the molecule to a singlet excited
state, followed by a transition to a metastable
triplet state. Psoralen molecules in the triplet
state generate free radicals which more possibly
evoke biological changes in the irradiated system.
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DISCUSSION
DR. FARRINGTON DANIELS, JR. (Portland,
Oregon): I would like to compliment Dr. Pathak
on this focusing of apparently the entire available
instrumentation areas in photobiology and
physics on this problem. He had only a brief
time to indicate how big and complicated and
expensive some of these machines are that he
has been using from Oregon to England and
Boston.
I think that we can agree that he has presented
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an interesting explanation but, of course, mucb
of the evidence has to be indirect because of the
very unstable nature of the compounds with
which he is dealing. Molecules in these excited
states cannot just be distilled off and analyzed;
they have to be determined by the indirect
methods which he has described.
The excited state of dermatologists concerning
the psoralens has decreased from the therapeutic
standpoint but I think it is of interest that as
toxic agents they are made increasingly fasci-
nating by such studies as Dr. Pathak is doing.
They are extremely interesting compounds with
extremely interesting effects, even though they
may not be the ansxver to the cosmetic problem
of sun tan.
